Aim-To verify whether extra uterine changes in total peripheral vascular resistance and cardiac output, caused by raised haematocrit, occur in fetal life and if they can be documented using conventional ultrasound techniques. Methods-An exchange transfusion with packed red cells was performed on five fetal lambs at 140 days of gestation (weight 3.44, SD 0.48 kg); three others were used as controls. The haematocrit was raised from 44 ± 3 to 64 (SD2)%. Results-Body temperature, blood gas, and pH remained within normal limits. Blood viscosity increased from 5.3 ( 0.3) to 9.6 (1.6) cps. Combined cardiac output fell to 30% of its initial value. The pulsatility index (PI) remained unchanged in the umbilical artery (0.66, SD 0.1) and descending aorta (1.3, SD 0.3). A significant positive correlation was found between haematocrit and PI only in the carotid artery (r=0.67, p<0.01). Conclusion-In the fetus, as in adults, an increase in blood viscosity is associated with a fall in cardiac output. However, the low resistance and the relative inertia of the placental vascular bed blunt the velocimetric changes that could be induced in the lower body vascular system by an increase in resistance. Such changes were observed only in the carotid artery. These results could be of interest in the Doppler monitoring of human fetuses at risk of an abnormal increase in their haematocrit.
There are many clinical conditions for which human fetuses are at risk of an increased haematocrit, the most common being growth retardation as a result of placental insuYciency, maternal diabetes, and the twin to twin transfusion syndrome. Early intrauterine identification of these haematological complications is important to determine fetal management, but is not always possible, particularly in life threatening situations such as the twin to twin transfusion syndrome. The few available publications on the value of Doppler echography in the assessment of circulatory adjustments by human fetuses to increases in haematocrit and blood viscosity have focused on umbilical artery velocimetry and failed to report any conclusive change that could be incorporated in clinical practice. 1 2 Yet in extrauterine life, an increase in red cell mass and blood viscosity decreases cardiac output and raises total peripheral resistance. 3 4 This study aimed to verify whether the haemodynamic changes observed after birth could be documented during fetal life, thus providing ultrasonographic criteria that could be integrated in the monitoring of pregnancies where high fetal haematocrit is suspected.
Methods
Eight pregnant ewes of mixed breed, at around 140 days of gestation (145-150 days) were used in this study. After fasting for 48 hours, during which water was given ad libitum, the animals were anaesthetised with intravenous injections of ketamine hydrochloride (3 mg/kg) and sodium pentobarbital (2 mg/kg) given alternately at around 20 minute intervals. The uterus was exposed through a median laparotomy to the parietal wound, keeping the organ inside the abdominal cavity. A hind limb of the fetus was pulled out of the cavity, allowing a polyvinyl catheter to be introduced into the femoral vein. The fetus was then completely exposed and respiration prevented by covering its head with a rubber glove filled with warm saline. A 21 gauge needle (Medicut) was introduced into the right carotid artery for arterial blood gas and pressure measurements. Fetal temperature was kept within normal limits (between 38.5 and 39.5°C) by radiant heat. During the entire experiment, the animal was kept very close to the surgical incision, leaving only a few centimetres of umbilical cord outside the uterus. All fetuses were weighed at the end of the study.
Ultrasonic evaluations were obtained using a Sonos 100-Hewlett-Packard echocardiograph equipped with real time imaging and pulsed Doppler capabilities. Doppler investigation was guided by two dimensional imaging of the vascular structure using a 5 MHz mechanical transducer. The Doppler flow velocity studies were carried out through a subxyphoid approach, allowing visualisation of ascending and thoracic aorta and, with a slight tilting of the transducer, the main pulmonary artery. 5 Flow velocity through both semilunar valves could be recorded looking for the best spectral envelope and the highest peak velocities, with an angle less than 20 degrees between the ultrasound beam and the presumed orientation of the blood stream. The diameters of the aorta and pulmonary arteries were measured on the real time images. To reduce sources of variability, five diameter measurements were averaged and the same value was used for all three steps of the experimental protocol. Blood velocities through the umbilical artery and the left carotid artery were also recorded, using a 7.5 MHz transducer. The ultrasound studies were recorded on videotapes for further analysis. From these recordings, the following variables were calculated: blood flow through the main pulmonary artery and ascending aorta (time integral of maximum velocities × valvular surface area × heart rate) and pulsatility indices in the umbilical and carotid arteries as well as descending aorta [(peak systolic velocity− end diastolic velocity)/mean velocity]. 6 All calculations were based on measurements of at least five consecutive complexes.
Arterial pH, PO 2 , PCO 2 , as well as haemoglobin concentrations were measured on samples of 0.8 ml of carotid blood using an ABL30 blood gas analyser (radiometer, Copenhagen, Denmark). On the same sample, blood haematocrit and viscosity were obtained, the first by microcentrifugation, the second with a WellsBrookfield cone-plate viscometer, as described before.
7 Viscosity values were obtained at shear rates of 11.5, 23, and 90 seconds. The influence of haematocrit was similar at all shear rates and only values obtained at 11.5 seconds will be reported. Arterial blood pressure was recorded on a Gould multichannel recorder, model TA240.
EXPERIMENTAL PROTOCOL
Packed red cells were prepared in the laboratory from freshly drawn fetal blood centrifuged for 15 minutes at 7000 rpm. The animals were considered to be in basal state when two consecutive blood samples taken five minutes apart showed blood gas values within normal physiological limits. Then in five animals the haematocrit was raised in two steps, each consisting of an exchange transfusion of packed red cells with a haematocrit as high as 85%. The packed cells were infused through the femoral vein while an equal quantity of blood was removed through the right carotid artery using an infusion withdrawal pump at the rate of 15 ml/min. In three other fetuses the same protocol was followed except that fetal blood with a haematocrit similar to that of the recipient fetus was infused. These fetuses were used as controls. At each step, 180 ml of blood (with raised or normal haematocrit) was infused, equivalent to an exchange of about 50 ml/kg. After a recovery period of about 15 minutes, Doppler recordings and blood samples were then obtained. The whole study lasted about three hours. Data are presented as means ± one standard deviation. The Friedman ANOVA for repeated measurements was used to establish significant variation in haematocrit. Correlations between haematocrit and pulsatility indices in the carotid artery, descending aorta, and umbilical artery were tested using linear regression analysis. A probability of p<0.05 was considered significant.
Results
The average weight of the fetuses was 3.44 (0.48) kg. Table 1 gives the haematocrit, viscosity, and blood gases on the eight lambs at basal state and the changes observed after the two exchange transfusions. The haematocrit rose significantly in the experimental group from 44 (3) to 64(2)% while there was no significant change in the control group. The rise in haematocrit did not alter the pH, PaO 2 , or PaCO 2 . The progressive increase in haematocrit was associated with a significant increase in blood viscosity from 5.3 (0.3) to 9.6 (1.6) cps. Mean arterial pressures remained stable, averaging 63, 68, and 67 mm Hg at the three concentrations of haematocrit. Table 2 shows changes observed in the ventricular outputs and pulsatility indices. The output of the two ventricles fell while the red cell mass increased. At the end of the last exchange transfusion, combined cardiac output had fallen to 30% of its initial value. In the control group combined cardiac output remained stable at 437 and 431 ml/kg/min, at the beginning and at the end of the experiments, respectively. Heart rate did not change significantly throughout the study. The changes in haematocrit had no eVect on the pulsatility indices in the descending aorta and umbilical artery (table 2). The pulsatility indices of the control group were similar to those of the high haematocrit group in the descending aorta and the umbilical artery, but for the carotid artery this was only the case at baseline values. Indeed, a significant positive correlation was found between haematocrit and PI of the carotid artery in the experimen- tal group (r=0.67, p<0.01) (fig 1) . This was essentially due to a decrease and sometimes to a complete disappearance of late diastolic flow velocities in the carotid artery in the presence of higher haematocrit concentrations (fig 2) .
Discussion
Ultrasound technology is now increasingly used in the assessment of circulatory dynamics in human fetuses. The application of the same technique in this experimental study was planned to facilitate incorporation of the results into the clinical setting. With this in mind, exchange transfusions were made with fetal blood, thus taking into account its lower plasma fibrinogen concentration and the diVerent rheological properties of fetal erythrocytes.
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To obtain rapid assessment of changes in the peripheral circulation using the Doppler technique, the fetuses had to be brought out of their amniotic sacs. Despite the known drawbacks of this, it was possible to maintain adequate oxygenation and stable haemodynamic conditions for the three hours needed for the completion of the experiments, as confirmed by the control group. A fall in cardiac output has been documented, with raised haematocrit in both adults 3 and during the immediate postnatal period. 4 The same observation was made in our group of fetuses. Another constantly reported finding is a rise in systemic peripheral resistance. Both the lower output and the higher resistance have been related to the increased viscosity and the sluggish peripheral circulation, leading to a decrease in venous return. The increase in arterial O 2 content associated with the polycythemia could be another factor; indeed, in dogs an increase in tissue oxygen delivery without a change in haematocrit causes arteriolar vasoconstriction and raises total peripheral resistance. 8 In our study the PI was used to assess downstream vascular impedance. 9 No change was observed in the PI of the umbilical artery, confirming previous reports. 1 2 This presumably reflects the relative inertia of the placental vascular bed. The absence of change in the PI in the descending aorta, on the other hand, while reflecting the dominant role of placental circulation in the downstream resistance of the systemic circulation, does not rule out localised variation of resistance in vascular beds such as the renal, mesenteric, and lower limb arteries. We did not investigate those networks.
Investigations of both humans 10 11 and animals 12 13 have consistently shown that polycythemia decreases cerebral blood flow. The increase in both blood viscosity 14 and arterial O 2 content 15 which are associated with polycythemia, could be responsible for an increase in vascular resistance and cause the fall in cerebral perfusion. In the present study the velocimetry of the carotid artery was investigated as this artery has shown itself to be a reliable indicator of dynamic events occurring in the cerebral circulation in the lamb. 16 The fact that a significant increase in PI was observed in the carotid artery of our fetal lambs strongly suggests that an increase in cerebral vascular resistance was also created by the increase in haematocrit in our experimental preparations. The design of our study did not allow us to establish whether the increase in cerebral vascular resistance was due to the blood hyperviscosity or the increase in arterial O 2 content, or both.
These observations could have some important clinical implications. In fetuses at risk of major variations in their haematocrit, our results confirm that investigation of the flow velocity patterns in the descending aorta or the umbilical artery is of little use. The cerebral circulation, on the other hand, seems to be the vascular network where clinically significant velocimetric changes could be observed. This should be particularly conspicuous in the twin to twin transfusion syndrome as the anaemic fetus, in addition to his hyperdynamic cardiac condition, 17 should show signs of lower cerebral vascular resistance and low cerebral PI due to the lower oxygen carrying capacity and viscosity of his blood while the polycythemic twin, according to our results, should be expected to have a raised middle cerebral artery PI. In addition to the polycythemia, however, the recipient twin can also be expected to be hypervolaemic. Previous reports on Doppler changes in the middle cerebral artery of recipient twins are conflictual, showing either a fall 18 or no change 19 in the pulsatility indices of the middle cerebral arteries of the recipient twins. None of the two studies gave actual values of the haematocrit or viscosity of their subjects either before or after birth. Further investigations are obviously needed to evaluate the relevance of our experimental findings in the human fetus.
